Abstract: This paper presents the study of conducted electromagnetic interference (EMI) currents flowing through the power cables of a DC-DC converter system and its correlation with the near field radiated from these cables. The radiated emission measurement contains a common mode (CM) and a differential mode (DM), and accurate separation of the radiated emissions of these two modes is necessary. The finite-difference time-domain (FDTD) method is used to predict the electromagnetic radiation caused by CM currents and DM currents. An experimental bench has been designed to allow access to the measurement of EMI disturbances at various sensitive places. The CM and DM voltages resulting from the experimental measurement are implemented in the FDTD algorithm as voltage sources of disturbances, these disturbance voltages causing the generation of CM and DM currents flowing through the cable. Finally, single and bifilar wire models for modeling the near field using the FDTD method are presented and the simulation results of the near field caused by both of the modes are evaluated and compared with the experimental ones. The main objective is to investigate the significance of the contribution of each of the current modes on the radiated emissions from the cable using the FDTD method, thus characterizing the level of cable radiation versus a specific standard. This allows showing that the radiation is often caused by the CM current along the cable and the largest level is located in the switching noise zone located within the frequency range from 1 MHz to 10 MHz.
Introduction
Power switches are the excitation source at the origin of the radiation of power electronics converters because of the fast switching function of modern semiconductor devices such as MOSFETs and IGBTs. Their switching operation creates the appearance of very steep transition currents and voltages (high di/dt and dv/dt). The latter contain high frequency harmonics and cause differential mode (DM) emissions along the paths they travel through and components that they go across [1] [2] [3] . Moreover, potential variations are also created at the terminals of semiconductors and generate currents that flow through ground loops, which then can form significant radiation loops and which are not controlled in the system design stage. These currents are the cause of common mode (CM) radiation [4] . In addition, direct radiation from the converter is not the main contribution of radiation often because of its small area, the conducted EMI currents flowing through the cables being the major problem to solve [5, 6] . The separation of conducted and radiated emissions is necessary for the design of power electronic systems [7, 8] .
In this work, we present a prediction of the electromagnetic near field radiated by the power supply cable of a buck converter feeding a RL load, the system modeling constituting the starting point for this problem. The method chosen, the finite-difference time-domain (FDTD) method, is widely applied to solve different types of electromagnetic compatibility problems because of the need for wide frequency band results [9] . For this study, the FDTD method is based on specific measurement of CM and DM voltages generated by the buck converter and the evaluation of the equivalent CM and DM impedances of the system. This method requires only a voltage disturbance measurement in the time domain or predicted in the SPICE-based simulation environment (time domain), such as: Saber Software: Version W-2004.12, Saber R ⃝& CosmosScope TM , which is a registered trademark of Synopsys [10] . The FDTD method is suitable for representing the thin wire in the model for simulation [11, 12] ; additionally, it is adjusted to show the integration of various linear lumped components into the model [13, 14] . This simple and effective method allows estimating or directly calculating the electromagnetic field radiated by the cable in the time and frequency domain. It can show the electric and magnetic field mapping at different points of the circuit and only needs the source of the conducted disturbance to characterize the level of the electromagnetic field radiated in suitable conditions. The comparison with experimental results shows the validity of the model over a wide frequency range.
Experimental investigation

Schematic representation of the experimental bench
In order to verify the validity of our predictions, an experimental test bench was built as shown in Figures 1a and 1b. Measurements of conducted and radiated disturbances are realized in the anechoic chamber located in the Ampere Laboratory of Lyon, France. It was aimed to study the influence of unshielded cables on the near electromagnetic field level, so for radiated EMI measurements, the load, the control board, and the converter were confined as shown in Figure 1b . The containment was achieved by a metal case, which provided the function of shielding. Figure 2 shows a schematic representation of the experimental setup and details. The disturbance voltages are measured through a line impedance stabilizing network (LISN) by using a high-voltage differential probe (LeCroy ADP305 with bandwidth: DC to 100 MHz) and an oscilloscope (LeCroy 66Zi HRO with a bandwidth: 400 MHz); these voltages are the cause of the disturbance currents flowing through the connection cable between the DC-DC converter and the LISN. These currents are considered as being the sources of the radiated EM field, whose near field distribution is predicted using the FDTD method, as will be explained in the following sections.
Schematic representation of the experimental setup and details
Figures 3a and 3b respectively show the time variation of CM and DM voltages resulting from the experimental measurement.
The measured CM voltage is obtained by the following formula: and the measured DM voltage by:
where V p LISN and Vn LISN are the voltages measured respectively at each measurement terminal of the LISN. 
FDTD numerical model 3.1. Formulation
The FDTD method solves the time-dependent Maxwell equations in three-dimensional source-free space. The essential equations are the curl equations [15, 16] :
∇.E = ρ ε , and ∇.H = 0,
where E is the electric field, H is the magnetic field, ρ is the charge density, ε is the permittivity, µ is the permeability, and σ is the conductivity.
The FDTD algorithm as proposed by Yee [17] in our calculation tools is a simple central-difference approximation to evaluate the space and time derivatives. Furthermore, in this algorithm, Berenger's perfect matched layer absorption boundary condition is adopted [18] , the time step is constrained by the CourantFriedrichs-Levy stability condition [15] , and the numerical dispersion effects can be kept small by using a cell size ∆s that is on the order of λ /50, where λ is the wavelength.
To obtain explicit update equations for the fields, the finite-difference approximations to the derivatives of Eqs. (3) and (4) need to be formulated. More details and a comprehensive overview may be found in [15, 16] .
Thin wire into the FDTD model
The simplest approach to include wires in the FDTD model is to model the thin wire as a perfect electric conductor (PEC). In this approach, all the corresponding tangential electric field components on the wire axis are permanently set to zero value.
To include the formality of the thin wire in the FDTD model, both the adjacent electric and magnetic fields of the wire are corrected according to its radius. The correction of the fields is carried out by equivalently modifying the permittivity and permeability of the adjacent cells [9, 19] . The electric field components around each thin wire are calculated using the modified permittivity ε ′ = m × ε and magnetic fields around each thin wire are calculated using the modified permeability µ ′ = m × µ where:
Here r is the wire radius.
Linear lumped elements in the FDTD model
Furthermore, to include the linear lumped elements in the FDTD model as shown in Figure 4 , only the corresponding E components need to be modified to reflect the presence of an electric current density due to the lumped elements [12] . The following procedures are essentially based on the work of Piket-May [11] . The voltage Vn across the lumped element at time step n is defined by:
Therefore, the electric field component Ez for the resistive voltage source, which is considered as a source of disturbance, is given by the following equation according to [11] .
Here Vs is the source of disturbance (CM or DM voltage disturbance) and Rs is the internal impedance of the source. In the proposed model, we assume that ∆x = ∆ y = ∆ z = ∆ s.
The electric field component Ez for resistive impedance is given by the same formulation of Ez for resistive voltage setting Vs = 0.
Validation of models
Common mode EMI equivalent circuit model
The equivalent FDTD model is illustrated in Figure 5 . In this configuration, the unshielded cable consists of a single conductor for transmitting the power, and this is the metal structure (ground plane) that acts as a current return conductor. The source and the LISN are connected to the ground plane and only the CM current exists [4] [5] [6] 20] . The excitation source is the CM voltage evaluated at the terminals of the resistor of the LISN (V RCM LISN ) with internal resistance Rs, which has the value of 0.1 Ω and R CM LISN = 25 Ω . In the proposed model, the unshielded cable has a length L of 1.2 m and an equivalent radius r = 1.5 mm, and it is situated at h = 12 cm over the ground plane. Cubic cells were employed with a spatial discretization of ∆ s = λ 0 /50 and a size of time step of ∆t = ∆ s/2c 0 , where λ 0 is the minimum wavelength and c 0 is the free-space phase velocity.
Time-domain measurements were performed with the oscilloscope described previously in Section 2.2 with a bandwidth of 400 MHz and a maximum sampling frequency of 2 Gs/s ( ∆ t = 0. 5 ns).
As illustrated in the experimental results, the measured CM voltage presents four periods of switching with time step size of ∆t = 0. 5 ns. To simulate the developed model, the excitation source is taken at an interval of CM voltage that covers the transient switching phenomena of the converter (opening and closing switch: 50 µ s, which gives 100,000 as the number of time steps). To maintain the stability condition of the FDTD update process [15] , data resampling is needed. With resampling of the excitation source in the time domain using MATLAB as shown in Figure 6a The frequency spectrum of the resampled excitation source is shown by the dashed curve in Figure 6b ; this curve illustrates the envelope of CM voltage measured.
The CM current is the source of radiated disturbances. It can be calculated from the knowledge of the measured CM voltage and the CM impedance of the structure; the comparison result between CM calculated and measured respectively in the time and frequency domain is shown in Figures 7a and 7b. (a) The disturbance CM current has been measured using a current probe (Tectronics-TCPA 300, 100 MHz) with its amplifier (Tektronix-TCP A300-AC/DC) and an oscilloscope (LeCroy ADP305). This current is the main cause of the electromagnetic field radiation measured using the experimental bench. Figure 7b presents the frequency spectrum comparison between the CM current measured by the current probe and the CM current flowing in the LISN that is calculated from the ratio of the CM voltage measured through the LISN and the CM impedance of the LISN. This result shows good agreement between the CM calculated and measured in the frequency range of 150 kHz to 30 MHz, where this frequency range corresponds to the stabilization of the impedance of the LISN according to the CISPR 16-2 standard [21] . In the frequency range of 10 kHz to 150 kHz, the difference in magnitudes among the results is due to the nonstabilization of the impedance of the LISN (ZLISN ̸ = 50 Ω) .
Differential mode EMI equivalent circuit model
In order to simulate the proposed numerical model of the differential mode illustrated in Figure 8 , the return of the current is carried by a conductor parallel to the outgoing conductor (the distance between the two conductors being d = 12 cm and it is situated at h = 12 cm over the ground plane). The converter is entirely isolated from the ground plane. In this configuration, only the DM current exists; the source of interference is the DM voltage supplied by the buck converter with internal resistance Rs, which is equal to 0.1 Ω ; and the terminating impedance is the DM impedance of the LISN filter, which is equal to 100 Ω .
For the simulation of the differential EMI model, the same procedure for determining the excitation source is adopted as in the case of the CM EMI model and its frequency spectrum is represented by the dashed curve in Figure 9 . The radiated electric or magnetic fields due to each current mode can be summed in the time domain (with respect to the phases) to give the total radiated electric or magnetic fields (CM + DM).
The total radiated electric or magnetic fields can be calculated by:
Measurement and FDTD simulation results of magnetic field radiation
The near magnetic field has been measured by setting the loop sensor near the radiating element at 0.3 m above the cable at the midpoint of the conductors and connecting the probe to the oscilloscope in order to acquire the time-domain waveform of the voltage, which is induced by time-varying magnetic induction according to the Faraday law:
where B is magnetic induction, f is the frequency, and A is the section passed through by the magnetic flux.
This measurement is hidden by the poor signal/noise ratio due to the correction factor (Fa) of the H probe, which depends on frequency. This factor is introduced in the frequency spectrum analysis by using the FFT of the time representation of the measured magnetic fields, and the correction factor (Fa) is given by the manufacturer of the H probe.
Therefore, the measured magnetic field is obtained by the following formula:
Figures 10a and 10b respectively show the time and frequency variation of the near magnetic field Hx measured and that due to CM and DM simulated by the FDTD method at 0.3 m above the conductors. From these results, it can be seen that the dominant emission mode regarding the magnetic field is the CM radiation. These results confirm the relevance of the developed FDTD simulation tool. Figure 11 shows the strength distribution of the maximum magnetic field level Hx component that is due to CM current resulting from FDTD simulation during opening of the switch at n = 180 with t = n ×∆ t, ∆ t = 31.25 ps, L = j ×∆s and h = k × ∆s, ∆s = 1.87 cm, and i0 = 10. Here n and ∆t are the index and size of the time step; ∆s is the spatial increment in the x, y , and z directions; and i , j , and k denote the indices of spatial increments respectively in the x, y, and z directions.
Electric field evaluation
As the proposed simulation tool is validated for the magnetic field, it can now be used for evaluating the E components of the near fields radiated by the cable in real conditions. In this study, despite the inability to experimentally validate the evaluation of the electric field, only the E components of the near field simulation by FDTD method will be presented and the requirements of the DO 160E standard [21] will be indicated. The simulation conditions are always the same as those in the previous case.
Figures 12a and 12b respectively show the time and frequency variation of the near electric field Ez component due to CM and DM current derived by employing the FDTD method at 1 m above the conductors. From Figure 12b , it can be noted that the electric field level does not meet the template set by the DO-160E standard [22, 23] , drawn in black in the figure. It is also noted that the largest level of electric field that exceeds the template of the standard is located in the switching noise zone located within the frequency range from 1 MHz to 10 MHz, which requires an effective filtering to be put in place to limit this disturbance. Above 10 MHz, the noise level drops due to the fall of the intrinsic level of the disturbance source.
It can also be seen that beyond 15 MHz and up to 100 MHz, the electric field radiated in DM increases with frequency by 30 dB. The radiation in CM decreases by 30 dB in this frequency range. Generally, CM radiation is considered as being the main source of radiation of power electronics converters and the corresponding power supply cables. Figure 13 shows the intensity distribution of the maximum electric field level obtained by FDTD simulation during opening of the switch at number of time steps n indicated in Figure 13 . Here t = n ×∆t, ∆ t = 31.25 ps, L = j ×∆s, and h = k × ∆s, where ∆ s = 1.87 cm, i0 = 10, and kp = 10 + h. As a result, it is important to understand that the FDTD method is costly in terms of computation time, although as computing resources continue to improve the trends in power electronics are going to lead to the design of power converters with high switching frequencies in order to reduce the total size and weight of the equipment [24] . This method will be less costly in terms of computation time; thus, it is the most convenient tool to study the radiated emissions of power electronics converters.
In order to explain this finding, we consider the Table, which shows the relationship between the switching frequency (fs) and the number of time steps (n) for the FDTD simulation run of our models studied previously with the same simulation conditions. Switching frequency (fs) Number of time steps (n) 20 kHz 500,000 150 kHz 66,667 300 kHz 33,333 1 MHz 10,000 3 MHz 3333
Conclusion
In this paper, the concept of the near field radiated by CM and DM currents using the FDTD method has been presented. A three-dimensional FDTD model was developed and employed to study the electromagnetic near field radiated by the power supply cable of the DC-DC converter and due to each of the current modes. The EMI models of each current mode were simulated using MATLAB in the time domain. The simulation was performed after resampling of the excitation source in the time domain to cover a wide frequency range. Using this simulation tool, the emission source can be evaluated and the electromagnetic field computed. Furthermore, the significance of each current mode on the radiated emissions from the cables has been investigated. The efficiency of the proposed numerical model under adequately specified conditions of use has been experimentally confirmed and a comparison between the measured and computed magnetic field has been presented. Experimental studies were carried out by the establishment of the experimental device by exploiting the characteristics of an anechoic EM chamber. The developed numerical model requires only the measurement of voltage disturbance in the time domain or its simulation using the computer tools that have been developed to model and simulate the EMI generated by power electronics converters in the time domain, while this measurement or simulation does not need the use of an anechoic EM chamber or very expensive instrumentations.
